High-precision measurements of the specific volume and electrical resistivity of As 2 Te 3 glasses are performed under hydrostatic pressures up to 8.5 GPa. A smooth transformation and logarithmic relaxation of the density is observed at pressures higher than 1 GPa. The softening of the effective bulk modulus and the relaxation rate have a sharp maximum at 2.5 GPa, which is 
Introduction
Tellurium-based chalcogenide glasses are technologically important substances that have found wide applications in phase change memory and infrared photonics [1] . Of particular interest are the As x Te 100−x glasses that serve as model systems, but an atomistic understanding of the structure−property relations in it remains obscure due to controversies [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The As 2 Te 3 melt, similar to the Te melt, is a metal at small overheating above the melting temperature [16, 17] , as a result, cooling-induced crystallization can be avoided only at quenching rates above 100 K/s.
The structure of As 2 Te 3 glasses is previously considered as similar to the structure of a classical network (As 2 S 3 -type) based on corner-sharing trigonal AsTe 3/2 pyramids [2] . However, it was established more recently that stoichiometric glassy g-As 2 Te 3 strongly differs in structure of the short-range order from the crystalline phase and is characterized by a chemical disorder of 30 to 60% (chemical disorder is defined as the number of homopolar As-As bonds to the total number of As-Te and As-As bonds) [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Furthermore, the analysis of the structure of g-As 2 Te 3 is also complicated because of a strong dependence on the fabrication procedure [8, 15] . Unfortunately, any adequate model of the structure of the short-and intermediate-range orders for g-As 2 Te 3 glasses is still absent.
As 2 Te 3 glasses have a small semiconducting gap (≈0.8 eV); for this reason, these glasses are very attractive for the study of the pressure-induced metallization. g-As 2 Te 3 glass is the only stoichiometric chalcogenide glass that is metallized at pressures below 10 GPa [18] , and it can be studied in bulk samples under pure hydrostatic conditions. At the same time, studies of g-As 2 Te 3 under pressure are scarce. The metallization of g-As 2 Te 3 was observed at pressures ≈10 GPa and was accompanied in some studies by crystallization [19] , whereas metallization of amorphous sputtered films a-As 2 Te 3 in [20] occurred with the conservation of the amorphous state. The superconductivity of the metallic state also has been studied [21] . The electrical resistivity of the bulk glasses g-As 2 Te 3 was studied at a pressure up to 6.5 GPa [22] . All studies of the electrical resistivity of compressed a-As 2 Te 3 and g-As 2 Te 3 were performed under nonhydrostatic conditions excluding moderate pressures up to 1 GPa [23] . It is interesting that g-As 2 Te 3 is an example of a few glasses whose vitrification and crystallization temperatures decrease rapidly (at a rate of 2−3 K/kbar) with an increase in the pressure [24] . The structure and other characteristics of g-As 2 Te 3 glasses under pressure, including such a fundamental characteristic as compressibility, have not been studied at all. Since the structure of g-As 2 Te 3 glasses strongly differs from the simple network, an anomalous behavior of the compressibility and other characteristics under pressure can be expected.
The aim of this work is a high-precision study of the compressibility, relaxation processes, and electrical resistivity of g-As 2 Te 3 glasses at high pressures up to 8.5 GPa under pure hydrostatic conditions.
Experimental Methods
Initial glasses were obtained from pure elementary substances As (99.9999%) and Te (99.997%) (Aldrich Chemical Ltd.). To fabricate the glass the pristine As 2 Te 3 substances were placed in preliminarily cleaned quartz tubes with an inner diameter of 8 mm, which were then evacuated and pressurized. Melts were aged and mixed for 6 h at 600ºС and, after that, were annealed in water. The initial ingots had pores with sizes of several tens of microns, which prevent measurements without additional measures because cracks appeared in the samples even at pressures of 0.7-1.2 GPa. Thus, glass samples needed an additional treatment both for the "healing" of pores and for the removal of chemical order inhomogeneities. A strong dependence of the structure and degree of chemical order on the quenching temperature in glassy arsenic telluride is also well known. A feature of As 2 Te 3 stoichiometric glass is an increased tendency to crystallization. It appeared that both softening and crystallization of this glass occur in a very narrow temperature range: softening begins at 130−135ºС and crystallization begins at ~ 145ºС (at a heating rate of ~ 1 K/min). The experimentally chosen regime of thermobaric treatment (hot pressing) with the parameters of 0.2 GPa, 136ºС, and 3 min allowed obtaining pore-free samples without a noticeable impurity of a crystalline phase. The required accuracy of maintenance of the parameters of the hot-pressing process appeared to be very high: when the temperature of treatment was increased by 2ºС, about 0.5−1% of the crystalline phase appeared in the sample.
Neutron diffraction experiments were carried out using the SANDALS diffractometer at the ISIS spallation neutron source (Rutherford-Appleton Laboratory, U.K.). Low-energy Te resonances are limited the available range of the scattering vector Q = 4π sin θ/λ to 25 Å −1 , where 2θ is the scattering angle and λ the neutron wavelength). The neutron diffraction data were corrected for background and container scattering, self-attenuation, multiple scattering, and inelasticity (Placzek) effects to obtain the total neutron structure factor S N (Q).
High-energy X-ray diffraction experiments were conducted at the 6-ID-D beamline at APS (Argonne National Laboratory, USA). The X-ray energy was 100.329 keV, providing data
at Q values up to 30 Å −1 . A 2D setup was used for data collection with a PerkinElmer model 1621 X-ray area detector. The two-dimensional diffraction patterns were reduced using the Fit2D software. The measured background intensity was subtracted, and corrections were made for the different detector geometries and efficiencies, sample self-attenuation, and Compton scattering using standard procedures giving the total X-ray structure factor S X (Q).
the crystalline phase (see Fig.1 ). The compressibility and electrical resistivity were measured for 3×2×1.5-and 2.5×1×0.7-mm rectangular samples, respectively. After high pressure study all samples were preserved in a glassy state (see Fig.1 ).
High-pressure experiments were performed in a Toroid apparatus [25] . The volume of amorphous samples under hydrostatic pressure was measured at room temperature (294K) by the strain gauge method [26] . This method was successfully applied to study both oxide and chalcogenide glasses (see, e.g., [27, 28] ).The absolute error of measuring the volume in this method is 0.15% and the sensitivity of measurements is 10 -5 . A methanol-ethanol (4:1) mixture with a hydrostatic limit of about 10 GPa was used as a pressure-transmitting medium. The pressure was measured by a calibrated manganin gauge. The reproducibility of the pressure scale was better than 0.01 GPa.
The volume was measured under the continuous variation of the pressure at a rate of 0.08-0.12 and 0.03-0.05 GPa/min with increasing and decreasing pressure, respectively. When studying the kinetics of densification of glasses at a fixed pressure, the pressure was maintained with an accuracy of 2 MPa.
The electrical resistivity of the glasses was measured by the four-probe method. We experimentally selected a low-temperature solder, three-component eutectic In-Bi-Sn (3:1:1 atomic). The possible error of data on the absolute value of the electrical resistivity is determined by errors of determination of the geometric factor of the samples and was estimated as 7-10%.
Results
The pressure dependences of the volume of g-As 2 Te 3 for three different samples are shown in samples at a fixed pressure is observed at pressures above 1 GPa (Fig. 3) . Deviation from the logarithmic dependence at small times is due to a finite rate of the pressure increase in the experiment. The relaxation rate has a sharp maximum at 2.5 GPa (see the inset of Fig. 3 ); in this case, the relaxation rate is close to the maximum values for GeSe 2 glasses, for which a transition to a flexible network is observed in a narrow pressure range [28] .
The effective bulk moduli of glasses was obtained by direct differentiation over points without additional processing. Figure 4 shows the effective bulk moduli for g-As 2 Te 3 glasses as functions of the pressure and density. A linear increase in the bulk modulus with the pressure is observed up to 1 GPa; with a further increase in the pressure, the derivative dB/dP decreases and becomes negative (the bulk modulus is softened). This is accompanied by intense volume relaxation, which continues up to the highest pressures, and the bulk modulus obtained by differentiation corresponds to the effective relaxing values. The difference between the relaxing and relaxed bulk moduli indicates the existence of activation processes and smooth transformations in glasses [27] [28] [29] . The maximum softening of the relaxing bulk modulus is observed at 2.5 GPa coinciding with the pressure at which the relaxation rate is maximal. After long-term isobaric relaxations, the effective bulk modulus at a further increase in the pressure first corresponds to high relaxed values and then decreases to effective relaxing values corresponding to a curve with a constant loading rate («forgets» its prehistory) (see Fig. 4 ). Small irregularities in the relaxing bulk modulus reproduce variations of the rate of the pressure in a region where relaxation occurs.
At pressures above 4.5 GPa, the slope of the pressure dependence of the effective bulk modulus decreases also apparently because of the gradual adding of new relaxation processes.
After decompression, glasses behave elastically up to 1.5 GPa and the bulk modulus corresponds to relaxed values. At lower pressures, a more intense decrease in the effective bulk modulus begins because of relaxation processes in the reverse transformation. It is interesting that the pressure dependence of the bulk modulus at decreasing pressure exhibits a kink at 4 GPa, where the derivative dB/dP decreases from 8 to 5.5. The bulk moduli of g-As 2 Te 3 glasses at decreasing pressure are close to those after isobaric relaxations at the increasing-pressure stage (see Fig. 4 ), which likely indicates that the structure of the short-range order in these glasses is the same at increasing and decreasing pressure [28] . It is interesting that the density dependences of the effective bulk moduli at increasing and decreasing pressure are joined in the density range of 6.55-6.7 g/cm 3 (see the lower plot in Fig. 4 ). Figure 5 shows the pressure dependences of the electrical resistivity of the glasses for both «fresh» glass samples after quenching from a melt and samples relaxed after hot pressing.
The initial resistivity of relaxed glasses (1.1−1.2)·10 3 Ω cm) is an order of magnitude lower than that of quenched glasses ((0.83−0.95)·10 4 Ω cm). For comparison, the figure shows early data for amorphous films a-As 2 Te 3 and g-As 2 Te 3 bulk glasses obtained under nonhydrostatic conditions [20, 22] . It is seen that previous rough measurements were performed with a large error, particularly at pressures P > 2 GPa. The electrical resistivity of glasses decreases exponentially with an increase in the pressure to 1.5−2 GPa; after that, an anomalously fast decrease in the electrical resistivity by almost three orders of magnitude is observed in the narrow pressure 6. It is interesting that the rate of resistivity change with the volume at increasing and decreasing pressure is much lower than that at isobaric relaxation (see Fig. 7 ). A decrease in the resistivity when the volume changes by 1% is only 25% (instead of 100% for isobaric aging) at the maximum pressures and is 70−120% (instead of 570% for relaxation at atmospheric pressure) at the minimum pressures.
Discussion and Conclusions
The results allow a number of conclusions on the features of the behavior of g-As 2 Te 3 glasses under pressure and on their metallization. First, glasses can be classified into three groups depending on prehistory: (i) first type -freshly prepared glasses after quenching from the melt,
(ii) second type -relaxed glasses obtained by hot pressing, and (iii) third type -glasses after hydrostatic compression up to 8.5 GPa and subsequent relaxation. The analysis of the structural data (see Fig. 8 and corresponding Table 1) shows that the minimum and maximum chemical disorders are inherent in the samples of the third and first types, respectively. At first glance, this is counterintuitive because metallization under pressure usually reduces the degree of covalence and increases chemical disorder. However, at the same time, a fast decrease in the vitrification and crystallization temperature with an increase in the pressure should significantly accelerate local diffusion under compression. It can be assumed that the «healing» of defects and chemical disorder occurs at pressures of 2.5−3.5 GPa even more intensively than at the annealing of glasses at low pressures. Another counterintuitive fact is that samples with smaller chemical disorder have a lower electrical resistivity (see Fig. 9 ). We suppose that a large number of wrong neighbors and defects lead to a high degree of localization of carriers and to an increase in the gap in mobility in spite of a formally higher «metallicity» (the number of Te−Te neighbors).
The sharp softening of the effective bulk modulus of g-As 2 Te 3 at pressures of 2−2.5 GPa is quite similar to the behavior of GeSe 2 glasses [28] . It can be assumed that local elastic constants for structural units, which are AsTe 3/2 pyramids joined along the edges (tetrahedra for GeSe 2 ), are softened as for GeSe 2 glasses. One can suppose that the amorphous network for g-As 2 Te 3 is built on both corner-and edge-sharing AsTe 3/2 pyramids (see Fig. 10 ). Intense relaxation processes in g-As 2 Te 3 at pressures of 2−3 GPa are likely due to a change in the type of connectivity of pyramids from a «common edge» to a «common corner» similar to g-GeSe 2 . The sharpest decrease in the electrical resistivity by three orders of magnitude under variation of pressure from 2 to 3.5 GPa begins at the same pressures. At the same time, there are significant differences in behavior of these two glasses. The softening of bulk moduli of GeSe 2 in the range of 2-3 GPa occur in the elastic regime and intense relaxation processes begin only at a further increase in the pressure [28] . Relaxation processes and softening of the effective bulk modulus in error in preceding measurements of the electrical resistivity in [20, 22] was due to nonhydrostatic conditions and poor measuring contacts; furthermore, amorphous films rather than bulk glasses were studied in [20] . The absolutely smooth pressure dependence of the electrical resistivity in the wide pressure range of 5−8.5 GPa indicates that As 2 Te 3 glasses in the metallic state are not
crystallized.
An interesting effect detected in this work is a kink on the pressure dependence of the bulk modulus near 4 GPa at a decrease in the pressure. Any noticeable structural transformations and relaxations are absent in this pressure range at decreasing pressure. This behavior is possibly attributed to a significant contribution from conduction electrons to the bulk modulus and its derivative in the metal region. The residual densification (≈2%) and anomalously low electrical resistivity (~ 10 Ω cm) immediately after decompression are apparently due to the partial irreversibility of a change in the type of connectivity of AsTe 3/2 pyramids. The amorphous network relaxes to a quasi-equilibrium state at long-term aging (for 10 7 s) under normal
conditions. An anomalously high rate of the resistivity variation with the volume at isobaric relaxation (see Fig. 6 ) indicates that relaxation processes without changing the volume affect the resistivity.
In summary, we revealed the main characteristics of transformations in g-As 2 Te 3 glasses under pressure. The elastic behavior is observed up to 1 GPa; a polyamorphic transformation without changing the coordination number, which is accompanied by a strong softening of the effective bulk modulus and the intensive logarithmic relaxation of the density, occurs from 1.5 to 3 GPa;
an inelastic behavior with weak relaxation associated with chemical ordering is observed in the range of 4.5-8.5 GPa; and smooth metallization occurs at 4−5 GPa. The transformation in the glasses is almost completely reversible. Subsequent detailed structural studies of polyamorphism and metallization in g-As 2 Te 3 glasses under pressure, as well as ab initio computer simulations, are desirable. However, as was mentioned above, the data on the short-and intermediate-range orders in As 2 Te 3 glasses even at normal pressure are contradictory. We hope that this work will stimulate detailed experimental and theoretical studies of the structure and dynamics of As 2 Te 3 glasses at normal and high pressures. Table 1 . Structural parameters (nearest-neighbor distances and partial coordination numbers) of glassy As 2 Te 3 before (A) and after thermal (B) and high-pressure treatment (C). Chemical disorder is defined as the number of homopolar As-As bonds to the total number of As-Te and As-As bonds,
The mean-square deviations (MSD) of the calculated parameters are ±0.01 Å for As-As and AsTe bond lengths, and ±0.02 Å for Te-Te distances. The MSD values for coordination numbers are ±0.02 for N As-As and N As-Te , and ±0.04 for N Te-Te . Fig. 1 . A low-Q part of the Faber-Ziman neutron S N (Q) (blue) and X-ray S X (Q) (green) structure factors of glassy g-As 2 Te 3 plotted together with the diffraction pattern for the α-As 2 Te 3 crystalline polymorph (red). The pulsed neutron data corresponds to freshly prepared g-As 2 Te 3 , the high-energy S X (Q) was obtained for g-As 2 Te 3 recovered from 8.5 GPa. experiments (1 -«fresh» glass sample after quenching from a melt; 2 -sample relaxed after hot pressing) in comparison to the data from (triangles) [22] and (circles) [20] at an increase (filled symbols) and a decrease (open symbols) in the pressure. The inset shows the kinetics of variation of the electrical resistivity at the maximum pressure. Table 1 . 
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